Abstract. Field effect photo-transistors (FEpTs) based on graphene-PbSe quantum dot (QD) hybrids have been designed and fabricated. By electrical and photoelectrical measurements, the carrier mobilities reached to 1621 cm 2 V -1 s -1 for electrons and 1228 cm 2 V -1 s -1 for holes, the photoresponsivity (R) achieved to 1 AW -1 , and the photoresponse time (߬ 1 ) was 0.7 s when the photocurrent came to about 80%. Therefore, the FEpTs based on graphene-QD hybrids have shown broad application prospects.
Introduction
Field effect phototransistors based on graphenesemiconductor quantum dot (QD) hybrids have achieved high performances, and have attracted great attention for a number of near infrared (NIR) detector applications because of their low cost and low energy consumption, increased flexibility, and easy fabrication and easy integration [1] . The photoconductive gain of FEpTs based on graphene-QD hybrids has reached up to 10 8 and was several orders of magnitude larger that of any graphene FETs or QD FETs reported before [2] [3] [4] [5] . The excellent performance of extra high mobility and responsivity of FEpTs based on graphene-quantum dots is mainly attributed to the large absorbance of PbSe QDs and the fast transport in graphene [6] . The intrinsic properties of these two materials provide an opportunity for FEpTs to achieve ultrahigh performances. Recently, some architecture of FEpTs have been designed and fabricated based on graphene-QD hybrids, and the electrical and optical characteristics have been studied. The results exhibited high mobilities, high photoconductive gain and high responsivities. Here, we designed and fabricated the structure of FEpTs based on graphene-PbSe QD hybrids. With the experiment and theory calculation, the carrier mobilies were measured to be 1621 cm 2 for holes, the photoresponsivity R ~ 1 AW -1 , and the photoresponse time 0.7 s when the photocurrent reached to almost 80%. Therefore, the FEpTs based on graphene-QD hybrids will have broad application prospects.
Experiments

Structural design
Graphene provides a channel that can transport carriers effectively (high mobility) yet with weak capacity of photo absorption. On the other hand, QDs serve as providers of photo-induced carriers with low mobility. Thus the device designed with QDs as light absorption layer and graphene as charge transfer layer can achieve ultrahigh photoresponsivity.
PbSe QDs were synthesized using a wet chemical method, and a typical synthesizing process was detailed in reference [7] .The absorption and photoluminescence (PL) spectrum of QDs is shown in figure 1(a) , according to which the absorption and PL peaks were 1616 nm and 1645 nm correspondingly. And the architecture is given by figure 1(b) . 
Device fabrication and measurements
Electrodes
The contact between metallic electrode and graphene not only changes the doping of graphene but also affects its electronic structure and Fermi energy. Therefore the contact have an impact on graphene's electrical characteristics near the electrode, eventually altering the property of devices. Researches have shown that Au is the only one whose forbidden band between graphene is 0 among several choices such as Cu, Ag, Al and so on [8] .
Thus Au was utilized as the electrode material to reduce the influence to the device.
Fabrication of devices
FEpTs were fabricated on heavily doped, n-type Si substrate with a 300 nm thick SiO 2 capping layer on top and a predefined back gate electrode at the bottom. The graphene sheet was grown by chemical vapor deposition (CVD) and was transferred to the substrate [9] . Then, Au source and drain electrodes with a thickness of 500 nm were thermally evaporated using a shadow mask. Subsequently, four layers of PbSe QDs were deposited by using a layer-by-layer method. Each layer was prepared as follows: one drop of PbSe QD solution (30 mg ml -1 ) was deposited on a spinning substrate at a speed of 2000 rpm for 60s and left for 20s to dry. Three drops of 2% (vol.) ethanedithiol (EDT) solution were then deposited on the rotating substrate at the same spin speed for ligand exchange, followed by two drops of acetonitrile and two drops of toluene.
Measurements
In the electrical measurements, a bias voltage (ܸ ௌ ) was applied over the source (ground connection) and drain electrodes using a Keithley 2400. The channel current flowing into the drain is ‫ܫ‬ , which was also measured by the Keithley 2400. An applied gate voltage ( ܸ ீ ) electrically connected the gate electrode to the source using HP6030A. During the photo electrical measurement, an 808 nm continuous-wave (cw) laser was used to provide incident light.
Results and discussion
Transfer characteristics
To illustrate the role of graphene, a comparison measurement in conductivity was performed on the FEpTs with a single layer of graphene and that without it. Figure 2 shows the increments in channel current as the bias voltage increases gradually for 300s. Figure 2 (a) displays the FEpTs conductivity without a layer of graphene and the ‫ܫ‬ rose from 4.24 × 10 ିସ ‫ܣߤ‬ to 0.0123 ‫,ܣߤ‬ the increments is several nA while the ܸ ௌ increased from 5V to 150V. Figure (b) shows the FEpTs conductivity with a graphene layer, the ܸ ௌ increased from 5V to 25V, while the ‫ܫ‬ increased from 5.97mA to 35.54mA, the increments have reached to several mA, which is five orders higher than the former FEpTs. The results demonstrate that the graphene have a great contribution on conductivity of FEpTs. 
Electrical properties of the FEpTs
Electrical measurements were performed at ambient conditions at room temperature. Based on FET theory, when ܸ ீ >>ܸ ௌ , the transfer characteristics is in the linear region because of the constant hole mobility (in the third quadrant) and electron mobility (in the first quadrant) as shown in figure 3 (a) . The minimum point in a transfer curve corresponds to the Dirac point of graphene [6] . After modified by QDs, the minimum point slightly shifted. We attributed the slight shift to the internal barrier formed by the capping ligands, which prevented carriers from transferring from the QDs to graphene.
The relation between the current change of ‫ܫ∆‬ and the light-induced gate voltage ∆ܸ ீ [9] can be shown as:
Where W and L are the width and length of the channel, respectively and ‫ܥ‬ ை is the capacitance of the gate dielectric per unit area. ߤ is the mobility of the carrier. The ߤ can be deduced from the equation (1):
The slope of ‫ܫ∂‬ ߲ܸ ீ ⁄ can be obtained by linearly fitting the transfer characteristics at low ܸ ௌ and the mobility can be calculated according to equation (2) . For W=2.5mm, L=0.1mm, ܸ ௌ =0.5V, C ox~1 00pFcm -2 , the hole mobility and electron mobility were calculated to be 1228.0 cm 845 mWcm -2 . The profile of the transfer curves kept to the same with and without the illumination of laser. When the device was under illumination, QDs absorbed the light to generate the photo-induced carriers. And when the illumination increased, more photo-induced carriers were generated and separated into holes and electrons in the electric field. Figure 4 shows the output characteristics of FEpTs, at gate voltage of −15V in the third quadrant, with irradiance of 0 mWcm -2 , 166 mWcm -2 , 493 mWcm -2 , 845 mWcm -2 . The channel current went up with the bias voltage increasing, as the field generated by bias voltage drives the electrons and holes in the graphene to flow, forming the current. And the current was increasing with the rise of irradiance. Little increase of channel current, when the irradiance rose from 166 mWcm -2 to 845 mWcm -2 , is attributed to a saturation region the channel current reaches.
The physical mechanism of light sensing is described as follows. Under illumination, photo-induced excitons were generated in PbSe QDs and then separated into free electrons and holes. Because of the driving effect of the gate voltage, holes (or electrons depending on gate voltage) transferred from the QDs to graphene where carriers were transported effectively. Equal numbers of electrons (or holes) remaining in the QDs formed an electric field in the direction opposite to the gate electric field. This additional photo-induced gate voltage is termed the 'light gating effect'. Because of this effect, horizontal shifts in the ∆ܸ ீ can be used for FEpTs to calibrate the irradiance(E ) [10] :
Where α and ߚ are constants which reflected the situation of carriers transporting from QDs to graphene. The responsivity (R) of a FEpT is defined using ‫ܫ∆‬ and is
Where ‫ܫ‬ and ‫ܫ‬ are the channel current values under light and dark, respectively, P = AE is the incident optical power, and A is the illumination area. Substituting equation (2) into (4) gives
According to the calculation of theory, the R is in the order scale of 1 AW -1 .
Photoresponse time
Though the responsivity of graphene-QDs based FEpTs has been measured experimentally, the photoresponse time is an important parameter as well.
The transient photocurrent response of the FEpTs to on/off illumination was measured as shown in figure 5 (a) where the irradiance was 845 mWcm -2 , at the wavelength of 808 nm, under ܸ ௌ = 0.01 V, ܸ ீ = 3 V, and the on/off time were both 24s.
The channel current increased sharply once the light was switched on, then the increase slowed down during the illuminating time. On the contrary, when the light was switched off, the current dropped exponentially to the initial state.
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Where the physical meaning of ߬ refers to the time of carriers transferring between the QDs and graphene sheets, that is, relaxation time. Figure 5 (b) shows the fitting result of a cycle according to the exponential function. The time constants ߬ ଵ and ߬ ଶ were calculated to be 0.7s and 2.4s respectively. As the photocurrent has taken the proportion of almost 80% during the time of ߬ ଵ =0.7 s, the photoresponse property of the FEpTs based on graphene and QDs is remarkable.
Conclusions and summary
We combined the advantages of graphene with high carrier mobility and quantum dots with large absorbance at the same time, designed the structure of graphenebased FEpTs with four layers of PbSe QDs. Then its electrical and optical properties were studied, the output and transfer curves were plotted, and the photoresponse characteristics were analyzed. Furthermore, we calculated the mobility, photoresponsivity and relaxation time: ߤ = 1621.0 cm ଶ V ିଵ s ିଵ , ߤ = 1228.0 cm ଶ V ିଵ s ିଵ , R~1AW ିଵ , ߬ ଵ = ‫,ݏ7.0‬ ߬ ଶ = ‫.ݏ4.2‬ Through the data, it can be concluded that FEpTs based on the graphene and PbSe QDs achieved excellent performances with high mobility of electrons and holes and great light responsivity. It is ensured that the FEpTs based on graphene-quantum dot hybrids will have a promising future.
